Incubation of soybean hypocotyl sections with 0.1 millimolar 2,2'-dipyridyl in the absence of auxin results in increases in growth rate and in cell wall extensibility lasting for about 3 hours. This is accompanied by greatly decreased biosynthesis of hydroxyproline, which ultimately appears in the wall, and in slightly reduced oxygen uptake, both of which continue for at least 9 hours. Continuous synthesis of hydroxyproline which appears in the cell wall is thus not necessary for short term growth. The decrease in growth and cell wall extensibility that occurs between the 3rd and 9th hours of dipyridyl inhibition cannot be attributed to cross-linking of newly synthesized hydroxyproline, since its synthesis is still inhibited.
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Cell wall protein rich in hydroxyproline (11) is thought to have a structural function because of its apparent ability to be crosslinked to carbohydrates (12) . Cleland (2) has shown that removal of hydroxyproline and proline by proteolysis of killed walls increased both plastic and elastic extensibility of those walls. The experiments reported here were undertaken with the idea that inhibition of the biosynthesis of wall hydroxyproline (i.e., hydroxyproline which ultimately appears in the wall) might lead to increased extensibility in living tissue. This prediction was fulfilled. Moreover, the experiments described below were designed to answer the question, Is biosynthesis of wall hydroxyproline necessary for growth? The question was answered in the negative by the use of 2,2'-dipyridyl, a chelator of ferrous ions which inhibits proline hydroxylation both in animals (7) and in plants (5) . For these experiments I used the soybean hypocotyl, which has been much studied with respect to auxin-induced growth and metabolism (9) , and the cell walls of which are rich in hydroxyproline. pocotyls." Sections were kept in ice-cold 1 % sucrose until used. For the experiments, 1-g lots of hypocotyl sections (about 35 sections) were incubated in 5 ml of basal medium in 50-ml Erlenmeyer flasks, with or without added auxin, inhibitors, or labeled compounds. Flasks were incubated at 30 C in the dark with continuous shaking. The basal medium contained 1 %, sucrose, 5 mm KH2PO4 neutralized to pH 6.0 with NH3, and a bacteriostatic agent, either 20 ,ug/ml streptomycin or 50 ug/'ml chloramphenicol. The K+ salt of 2, 4-dichlorophenoxyacetic acid, 5 X 10(} M at pH 6.0, was used as an auxin, and uniformly labeled '4C-L-proline, 146 mc/mmole, obtained from Schwarz BioResearch, was used as a protein precursor.
MATERIALS AND METHODS

Soybeans
At the end of the incubation period the tissue was rinsed with distilled water, blotted dry, reweighed, and stored overnight at 0 C. Each sample was homogenized at half-speed on a Virtis 45 homogenizer in a total volume of 10 ml at 0 C. The homogenizing medium contained 0.01 M tris(hydroxymethyl)aminomethane-HCI, pH 7.4, 17.5 mM L-proline, and 0.4%C Dow Antifoam B. The homogenate was filtered through Miracloth to separate it into cytoplasmic and cell wall fractions. Aliquots of filtrate (cytoplasmic fraction) were taken for trichloracetic acid precipitation and purification of protein by the method of Holleman and Key (6) . The cell wall fraction in the Miracloth filter was washed with 100 ml of distilled water and 100 ml of 1 M NaCl. Cell walls (or other fractions) were hydrolyzed in sealed tubes with 6 N HCI at 105 C for 20 hr. Hydrolysates were filtered, dried at 40 C under a stream of filtered air, taken up in 0.1 N HCl, and charged onto 0.5-x 8-cm columns of Dowex 50W-X8, H+ form. After the column had been washed with water, amino acids were eluted with 1 N and then 6 N HCl. The samples were redried and taken up in water for counting.
Duplicate aliquots of each cellular fraction were plated on aluminum planchets, and radioactivity was measured with a gas flow counter. For determination of '4C-hydroxyproline/14C-proline ratios, aliquots of purified hydrolysates were spotted on strips of Whatman 3MM paper. Hydroxyproline and proline were separated either by electrophoresis at pH 1.9 (11) or by descending chromatography in phenol saturated with aqueous 3% NH3. Radioactive spots were located with a strip chart scanner, and spots were cut out, placed in vials with scintillation fluid, and counted.
Hydroxyproline was determined by the method of Kivirikko (10), as modified by Lamport (11) .
Cell waU extensibility was determined on hypocotyl sections with an Instron stress-strain analyzer, as described by Olson et al. (15) . Hypocotyl sections were boiled for 5 min in methanol and stored in fresh methanol until analyzed. After rehydration in water, individual hypocotyl sections were placed in the clamps set 5 mm apart, and they were extended at a rate of 1.27 mm/min. Results are expressed as means, for a number of hypocotyls, of the inverse slope of the linear part of the force-extension curve (cm g-').
RESULTS
Hydroxyproline Content of Wall and Cytoplasm. Duplicate samples of soybean hypocotyl sections were homogenized and separated into wall and cytoplasmic fractions as described. Acid hydrolysates of these fractions were prepared, and hydroxyproline was measured. Hydroxyproline content is given in Table I . Most of the hydroxyproline of soybean hypocotyls is in the wall fraction.
Time of Labeling of Cytoplasmic and Wall Proline and Hydroxyproline. The following experiment was done to show that the bound proline and hydroxyproline in the cell wall are metabolically distinct from that in the cytoplasm. One-gram samples of soybean hypocotyls were incubated in basal medium plus 2,4-D plus 0.5 ,uc of '4C-proline. Some samples were harvested at 12 or 1 hr. Additional samples, labeled for 1 hr, were rinsed with water, incubated in basal medium containing no proline, and harvested at the end of 2 or 4 hr. The time course of labeling of various subcellular fractions is shown in Figure 1 . If hypocotyls were continuously incubated in "4C-proline, label in both the trichloracetic acid precipitate and the cell wall fractions continued to increase throughout 4 hr (data not given). The following changes were observed between the end of 1 hr of labeling and an additional hour of incubation in medium without proline: 6 hr 0.5 ,uc of 14C-proline was added to each sample. Incubation of samples with label was continued for 3 hr; at the end of each 3-hr period the labeled samples were rinsed in water, blotted dry, and frozen for later fractionation. Parallel unlabeled samples were taken at the same time for immediate fresh weight measurements; they were then boiled 5 min in methanol and stored in fresh methanol for later measurement of cell wall extensibility. The growth rate of dipyridyl-treated hypocotyls in the absence of auxin was greater than controls only during the first 3 hr (Fig. 2) , after which it was less. Hypocotyls treated with both auxin and dipyridyl grew as fast as auxin controls during the first 3 hr, but more slowly thereafter. At 3 hr, dipyridyl treatment increased cell wall extensibility as much as auxin (Fig. 2) , but extensibility declined thereafter, unlike auxin-treated tissue. Insufficiently replicated data for hypocotyls treated with both auxin and dipyridyl indicate that extensibility was increased for 3 hr, then declined, and remained between that of dipyridyl-treated and auxin-treated tissue.
The extent of 14C-proline labeling in various fractions during each 3-hr period is shown in Figure 3 . In the first 3 hr, dipyridyl treatment inhibited hydroxylation of wall proline, and prolinerich wall protein accumulated. At the same time, total incorporation into cytoplasmic protein (acid-precipitable) was unaffected (proline and hydroxyproline were not separated). Incorporation into all fractions, except wall proline, was more severely inhibited in the second and third 3-hr periods. Also, dipyridyl inhibition of incorporation in later hours was more severe for auxin-treated tissue than control tissue. Thus the period of greatest growth and greatest cell wall extensibility during incubation with dipyridyl was also the period during which synthesis of cell wall hydroxyproline, and not any other fraction, was inhibited.
Oxygen Uptake during Dipyridyl Inhibition. The decrease in growth rate and wall extensibility after 3 hr of dipyridyl treatment might be related to the greater inhibition of cytoplasmic protein synthesis at this time, or it might be related to the inhibitory effect of dipyridyl on respiration (8) . To test the latter possibility, oxygen uptake of dipyridyl-treated and control hypocotyls was measured in Warburg flasks, with KOH in the center well. Each flask contained two hypocotyl sections in 2.5 ml of basal medium. Measurements were started 1/2 hr after treatments started, and continued for 6 hr. Figure 4 shows that oxygen uptake was only slightly inhibited by dipyridyl and that this slight inhibition did not become greater with time, as did dipyridylinhibited growth and extensibility. Thus the decline in growth 200   FIG. 3 . Time course of 2,2'-dipyridyl effect on incorporation of 14C-proline into acid-precipitable protein (above), and into cell wall proline and hydroxyproline (below) of soybean hypocotyls. To each 1-g sample 0.5 ,uc of 14C-proline was added at 0, 3, or 6 hr. Incubation of samples with label was continued for 3 hr. At the end of each 3-hr labeling period, the labeled samples were rinsed in water, blotted dry, and frozen for later fractionation. Each bar represents an average for three samples. Numbers on bars are the time at the end of the labeling period.
increase noted above (Table III) . In order to test whether this dipyridyl-induced growth increase might be the result of wall loosening attributable to the inhibition of cell wail protein synthesis, the time course of growth, cell wall extensibility, and rate and wall extensibility of dipyridyl-treated tissue was not due to a time-dependent change in oxygen uptake. DISCUSSION The results of the '4C-proline labeling experiment described in Figure 1 shows a loss of label from cytoplasmic fractions and a corresponding gain of label in wall fractions after the source of label has been removed. These data are consistent with the conclusion that the wall hydroxyproline has a cytoplasmic precursor, which has been shown for tobacco cells (14) , and carrot slices (1) . Since labeled proline and hydroxyproline in walls can thus be distinguished kinetically from that in the cytoplasm (1), it is unlikely that wall-bound imino acids are simply cytoplasmic proteins that are adsorbed to walls at the time of homogenization.
The dipyridyl-induced growth described here is accompanied by an increase in cell wall extensibility of the same magnitude as that induced by auxin. One attractive possible explanation for this is that the wall loosening is a consequence of inhibition of proline hydroxylation, and therefore of inhibition of cross-linking of hydroxyproline-rich protein to polysaccharides. Lamport (12) has described the isolation from cell walls of hydroxyproline-Oarabinose compounds, which account for a substantial fraction of the total wall hydroxyproline. The dipyridyl-induced failure to hydroxylate, and therefore to cross-link, might lead to a mechanically weaker, i.e., a more extensible, wall. Assuming constant turgor pressure, increased cell expansion would follow. Implicit in this argument is the assumption that an increase in extensibility equals breaking of covalent bonds, and a decrease equals making of bonds; Lockhart (13) has presented physical evidence in support of this. Cleland (2) has pictured the status of wall extensibility as a balance between stiffening and loosening reactions. It may be that during dipyridyl inhibition, normal stiffening is inhibited, but normal loosening is not.
Since dipyridyl inhibited wall hydroxyproline synthesis and increased growth simultaneously, one can conclude that continuous synthesis of wall hydroxyproline is not necessary for short periods of growth. This says nothing about its possible involvement in auxin-induced growth (2, 3) . The wall stiffening that took place after the initial 3 hr of loosening is obviously not attributable to cross-linking of new wall hydroxyproline, since its synthesis was still inhibited. Some other wall component must be involved. The oxygen uptake experiment shows that this timedependent change in wall extensibility is not attributable to a time-dependent change in respiration during dipyridyl inhibition. Unlike auxin, dipyridyl causes a simultaneous growth increase and respiration decrease.
In 1956 Heath and Clark (4) reported a small but reproducible growth increase of wheat coleoptiles in response to any of a series of chelators, one of which was 2 ,2'-dipyridyl. That response may have been similar to the one described here, and it might well have involved an interruption of wall protein synthesis.
